The melanocortin 1 receptor gene is a main determinant of human pigmentation, and a melanoma susceptibility gene, because its variants that are strongly associated with red hair color increase melanoma risk. To test experimentally the association between melanocortin 1 receptor genotype and melanoma susceptibility, we compared the responses of primary human melanocyte cultures naturally expressing different melanocortin 1 receptor variants to ␣-melanocortin and ultraviolet radiation. We found that expression of 2 red hair variants abolished the response to ␣-melanocortin and its photoprotective effects, evidenced by lack of functional coupling of the receptor, and absence of reduction in ultraviolet radiation-induced hydrogen peroxide generation or enhancement of repair of DNA photoproducts, respectively. These variants had different heterozygous effects on receptor function. Microarray data confirmed the observed differences in responses of melanocytes with functional vs. nonfunctional receptor to ␣-melanocortin and ultraviolet radiation, and identified DNA repair and antioxidant genes that are modulated by ␣-melanocortin. Our findings highlight the molecular mechanisms by which the melanocortin 1 receptor genotype controls genomic stability of and the mutagenic effect of ultraviolet radiation on human melanocytes.-Kadekaro, A. L., Leachman, S., Kavanagh, R. J., Swope, V., Cassidy, P., Supp, D., Sartor, M., Schwemberger, S., Babcock, G., Wakamatsu, K., Ito, S., Koshoffer, A., Boissy, R. E., Manga, P., Sturm, R. A., Abdel-Malek, Z. A. Melanocortin 1 receptor genotype: an important determinant of the damage response of melanocytes to ultraviolet radiation. FASEB J. 24, 3850 -3860 (2010). www.fasebj.org Key Words: DNA repair ⅐ melanoma susceptibility ⅐ MC1R variants ⅐ cAMP pathway Epidermal melanocytes are the precursors for melanoma, the most fatal form of skin cancer. The incidence of melanoma continues to increase worldwide, especially in young adults (1-5). The resistance of melanoma tumors to conventional chemotherapy and radiation and lack of a cure for metastatic disease have made it necessary to identify genetic markers for melanoma that should lead to more accurate risk assessment and thus prevention.
Epidermal melanocytes are the precursors for melanoma, the most fatal form of skin cancer. The incidence of melanoma continues to increase worldwide, especially in young adults (1) (2) (3) (4) (5) . The resistance of melanoma tumors to conventional chemotherapy and radiation and lack of a cure for metastatic disease have made it necessary to identify genetic markers for melanoma that should lead to more accurate risk assessment and thus prevention.
The melanocortin 1 receptor (MC1R) has emerged as a melanoma susceptibility gene. The MC1R is a highly polymorphic gene and a major contributor to the diversity of human pigmentation (6 -8) Some MC1R variants, particularly R151C, R160W, and D294H, are strongly associated with red hair color in humans (hence the name RHC alleles) and increased melanoma risk (7) (8) (9) (10) . An inverse correlation exists between the incidence of sporadic melanoma, on one hand, and constitutive pigmentation and tanning ability, on the other (2) . Cutaneous pigmentation is determined by the relative rate of synthesis of the brown/black eumelanin and the red/yellow pheomelanin by epidermal melanocytes (11, 12) . Eumelanin is the major contributor to skin pigmentation and photoprotection because of its efficiency in blocking ultraviolet rays (UV) and scavenging reactive oxygen species (13) .
The principle physiological regulators of eumelanin synthesis in human melanocytes (HMs) are ␣-melanocortin (␣-MSH) and adrenocorticotropic hormone, the physiological agonists of the MC1R (14 -16) . The MC1R is a G s -protein-coupled receptor with 7 transmembrane domains that is expressed on the cell sur-face of HMs (17, 18) . Binding of the human MC1R by its ligands activates the cAMP signaling pathway, a major regulator of HM proliferation and pigmentation (19) . We have made the seminal observation that in addition to their important role as the physiological regulators of pigmentation, melanocortins also modulate the UV response by enabling HMs to overcome the UV-induced growth arrest and apoptosis and reducing DNA damage (20 -22) . We found that ␣-MSH enhances repair of UV-induced DNA photoproducts and reduces the induction of oxidative DNA damage (21, 22) . These effects were dependent on activation of the MC1R and preceded the increase in melanin content in response to ␣-MSH treatment. Thus activation of MC1R is expected to reduce the genotoxic effects of UV exposure, independently of increased melanin content.
Evidence for the effect of MC1R genotype on melanoma risk came from the observation that RHC alleles increase the penetrance of mutations in cyclin-dependent kinase inhibitor 2A (23) (24) (25) and that expression of an MC1R variant increases the chance for the somatic V600E BRAF-activating mutation (26) . Expression of 2 RHC alleles results in loss of function of MC1R (27) . However, the interaction of these variants with other alleles and their impact on the response of HMs to UV, a major environmental etiological factor for melanoma, are not understood. Unraveling the molecular mechanisms by which MC1R alleles affect genomic stability of melanocytes and the risk for melanoma will lead to improved preventive strategies and effective treatments for melanoma, one of the most challenging human cancers.
In this study we used primary HM cultures that naturally express different MC1R genotypes to determine systematically the impact of RHC alleles and other common MC1R variants on receptor function and response to UV. Our data demonstrate that loss of function of MC1R due to expression of 2 MC1R RHC variants, or an RHC allele and V60L variant, result in an aberrant UV response, and that the RHC alleles are not equivalent in their impact on receptor function. Our results provide compelling evidence that functional MC1R is required for optimal photoprotection and maintenance of genomic stability and elucidate mechanisms by which MC1R variants determine predisposition to melanoma.
MATERIALS AND METHODS

Culturing of human melanocytes
Primary cultures of HMs were established as described previously (15) from discarded neonatal foreskins or adult skin from patients undergoing elective plastic surgery procedures. The Institutional Review Board at the University of Cincinnati has deemed the protocol for obtaining these skin samples exempt from approval. Melanocyte cultures were also established from skin biopsies obtained from patients of the Melanoma Clinic at the Huntsman Cancer Institute after informed consent. For all experiments, HMs were maintained in medium devoid of bovine pituitary extract (BPE) to allow for response to exogenous ␣-MSH, as described previously (15) .
Analysis of eumelanin and pheomelanin contents of cultured HMs
Melanocytes (2-4ϫ10 6 cells) were harvested, pelleted, lyophilized, and used for quantitation of eumelanin and pheomelanin, respectively, as described previously (27) .
Sequencing of the MC1R gene
The entire coding region of the MC1R was amplified using reverse transcriptase and nested PCR amplification, followed by sequencing as described previously (27) .
Determination of cyclic AMP (cAMP) levels and tyrosinase activity
Cyclic AMP levels were determined using 125 I-labeled radioimmunoassay kit (Perkin Elmer, Waltham, MA, USA), as described previously (18, 27) , in HMs that were treated with 0 (control), 1, or 10 nM ␣-MSH, or 1 M forskolin for 45 min in the presence of 0.1 mM isobutyl methylxanthine. Tyrosinase activity was measured after treatment of melanocytes with 1 or 10 nM ␣-MSH or 1 M forskolin for 6 d, as described previously (15, 18, 27) .
Irradiation of HMs with UV
Melanocytes were irradiated with a bank of FS 20 lamps, with 75% emission in the UVB, and 25% emission in the UVA spectra, with peak emission at 313 nm wavelength. Any emission of UVC rays from the UV source (FS 20 lamps) was blocked by a Kodacel filter (Eastman Kodak, Rochester, NY, USA). Prior to irradiation, the culture medium was replaced by PBS, which was removed after UV exposure, and fresh medium was added.
Measurement of UV-induced generation of hydrogen peroxide
Melanocytes were irradiated with 105 mJ/cm 2 UV and treated immediately while in PBS with 0, 1 nM ␣-MSH or 1 M forskolin. Generation of hydrogen peroxide was measured at 45 min after UV exposure, as described previously (21) .
Quantitation of cyclobutane pyrimidine dimers (CPDs)
CPDs were detected using flow cytometry analysis. Melanocytes were pretreated with 0 (control), 10 nM ␣-MSH, or 1 M forskolin for 4 d prior to, and 2 d after, exposure to 105 mJ/cm 2 UV, harvested 48 h post-irradiation, and fixed with 70% ethanol; the DNA was denatured with 1N HCl, then renatured with sodium tetraborate. Melanocytes were incubated overnight at 4°C with the anti-CPD antibody (diluted 1:500; TDM-2 clone), then with goat anti-mouse IgG Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) for 1 h, and finally resuspended in PBS containing RNase A and propidium iodide. Melanocytes were analyzed on a Coulter EPICS XL flow cytometer (Beckman Coulter, Miami, FL, USA) using a 488-nm argon ion laser.
Measurement of UV-induced apoptosis by Annexin Va staining
Melanocytes were maintained for the duration of the experiment in medium lacking BPE, and phorbol 12-myristate 13-acetate (PMA; TPA), to determine the survival effect of ␣-MSH in the absence of the antiapoptotic effect of TPA. Melanocytes were treated with 0, 1 nM ␣-MSH or 1 M forskolin for 4 d prior to, and 24 h after, exposure to a dose of 105 mJ/cm 2 UV, then stained for Annexin Va, as described previously (21) .
Transfection of HMs expressing loss-of-function MC1R with the wild-type MC1R
Melanocytes naturally expressing nonfunctional MC1R (2n; R160W/D294H) were transfected with pcDNA3 plasmid containing the wild-type MC1R gene (pMC1R-WT) and pcDNA3 vector only, using the electroporation method from Amaxa Transfection System (Lonza Walkersville, Walkerville, MD, USA), then selected for stable transfection in medium containing geneticin.
Ultrastructural visualization of DOPA-stained HMs
Parental HMs expressing loss-of-function MC1R and the same HM strain stably transfected with wild-type MC1R were plated in 4-well chamber slides and treated for 4 d with 0 (control) or 1 nM ␣-MSH. Cells were processed for electron microscopy as described previously (28) . Microtome sections were analyzed in a Jeol JEM-1230 transmission electron microscope (Jeol Ltd., Akishima, Japan), and photomicrographs (ϫ15,000) of the perinuclear area and dendrites were taken for each experimental group. The number (nϭ200) and stage of the melanosomes in the perinuclear area and dendrites were determined in the control and ␣-MSH-treated cells from parental and transfected HM.
Gene expression profiling and data analysis
Total RNA was isolated from HMs treated with 1 nM ␣-MSH as described for experiments to measure CPD, 8 and 24 h after UV exposure, using RNeasy columns following the manufacturer's protocol (Qiagen, Valencia, CA, USA). After quality checks were performed with the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), RNA was used to generate the cDNA that was hybridized with in-house (Genomics and Microarray Core of the University of Cincinnati) glass slide arrays (OmniGrid, multiaxis microarrayer). The slides were prepared using the DNA source from the Research Genetics Human UNIGENE Library (31,742 clones) and scanned, and differential gene expression levels were determined by the calculated ratio of Cy-3 to Cy-5 emission, using the Axon GenePixPro 3.0 software (Axon Instruments, Foster City, CA). For data analysis, only genes with an expected false positive less than one and more than 2-fold change in expression were considered. A complete list of genes included in the microarray analysis can be found online (http://microarray.uc.edu). The arrays were normalized and tested for differential expression using the methods described in Borchers et al. (29) .
Detection of MC1R cell surface expression
Melanocytes were treated with 0 (control) or 10 nM ␣-MSH and/or irradiated with 105 mJ/cm 2 UV. At 14 h after ␣-MSH treatment or 24 h after UV exposure, the culture dishes were placed at 4°C for 2 h, and HMs were harvested with cold 5 mM EDTA. The cells were incubated with 4 g/ml rabbit anti-MC1R (H-60; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at 4°C, then incubated with 20 M goat anti-rabbit Quantum Dot 655 for 1 h (Invitrogen). The cells were postfixed in 1% paraformaldehyde and analyzed using a BD LSRII flow cytometer (Becton-Dickinson, San Jose, CA, USA). Ten thousand events were collected for each sample.
Western blot analysis
Melanocytes were treated as described for the microarray experiments and cell extracts were obtained 24 or 48 h after UV irradiation. Western blotting was carried out to validate some of the microarray data, using the following antibodies for Mitf (a gift from David Fisher, Harvard University, Cambridge, MA, USA), Cdk2 (M2), PCNA (F-2), (Santa Cruz Biotechnology), Peroxiredoxin 1 (Prx1; AbCam, Cambridge, MA, USA), Bcl2 (Ab-1) (EMD, San Diego, CA, USA), and DDB1 (Zymed Laboratories, San Francisco, CA, USA). As control for loading, antibodies against histone H1 (AE-4) and actin (C-11) were used (Santa Cruz Biotechnology).
RESULTS
MC1R genotype and activation of MC1R
A total of 21 different primary HM cultures, 14 derived from neonatal foreskins (n) and 7 from individual adult (a) skin samples, were established as described previously (15) and utilized for the experiments described below. MC1R genotypes, as well as eumelanin and pheomelanin contents, were determined (Table 1), as described previously (27) . Responsiveness to ␣-MSH was first determined by measuring the increase in cAMP levels and tyrosinase activity. Strains highly responsive to ␣-MSH were those homozygous for the wild-type MC1R (ϩ/ϩ; 17n-19n, 20a, and 21a), or heterozygous for the pseudoalleles (p/ϩ) V92M (14n and 15a) or R163Q (16n), or the mild allele V60L (r/ϩ; 13n) (Fig. 1) . These strains exhibited Ͼ70% increase in cAMP levels and Ն2-fold increase in tyrosinase activity above control in response to 10 nM ␣-MSH. In contrast, HM strains that were unresponsive to ␣-MSH were those homozygous or compound heterozygous for 2 RHC alleles (R/R; 1n, 2n, 3a, 4n, 5n), or compound heterozygous for the RHC allele R160W and V60L (R/r; 6n and 7a).
Results from HMs heterozygous for RHC alleles (R/ϩ) were variable. Strain 12a (R151C/ϩ) was highly responsive to ␣-MSH in both assays, whereas 10n (R160W/ϩ) and 11n (D294H/ϩ) demonstrated a relatively low (ϳ50% increase above control), yet statistically significant, stimulation of cAMP and no or modest increase in tyrosinase activity, respectively, following ␣-MSH treatment (Fig. 1) . Statistical analysis revealed that 12a had a significantly higher response than 10n to 10 or 1nM ␣-MSH, and in turn 10n had a significantly higher response than 11n to 1 nM ␣-MSH in the cAMP assay, as determined by one-way ANOVA. As for activation of tyrosinase activity, 12a had a statistically higher than 11n in response to 1 or 10 nM ␣-MSH, as determined by Student's t test. Expression of R163Q with R160W in 8n did not contribute further to the disruptive effect of the latter RHC allele (10n) on MC1R activation by ␣-MSH, because there was no statistical difference in the response of the 2 strains to 1 or 10 nM ␣-MSH in the cAMP assay. Melanocytes with this genotype exhibited a modest increase in cAMP (50% above control) and marked (2.5-fold) stimulation of tyrosinase activity in response to 10 nM ␣-MSH. As in 12a, which is heterozygous for R151C, 9a, compound heterozygous for R151C and V92M, responded dramatically to 10 nM ␣-MSH with 4-fold increase in cAMP formation, and 2.5-fold stimulation of tyrosinase activity. Depending on the availability of HMs, forskolin, a direct activator of adenylate cyclase, was used as a positive control and found to increase cAMP levels and tyrosinase activity, regardless of MC1R genotype.
MC1R genotype and response of HMs to UV
We have reported that ␣-MSH inhibits the UV-induced generation of hydrogen peroxide by HMs within minutes (21, 22) . Melanocyte strains 7a (V60L/R160W), and 2n, 3a, 4n, and 5n, which express 2 RHC alleles, with the exception of 1n, which was homozygous for R160W, failed to respond to ␣-MSH with significant inhibition of hydrogen peroxide generation, as measured 45 min after exposure to 105 mJ/cm 2 UV (Fig. 2A) . In contrast, all remaining strains showed a marked decrease (25-65%) in hydrogen peroxide generation after ␣-MSH treatment.
In preliminary experiments, we compared induction of CPD immediately after UV irradiation in untreated vs. ␣-MSH-treated HMs and found that ␣-MSH did not affect initial CPD formation (data not shown). However, treatment with ␣-MSH enhanced the repair of CPD in HMs, as measured 48 h after UV exposure, except in those expressing 2 RHC alleles (1n-5n) or compound heterozygous for V60L and R160W (7a) (Fig. 2B) . The latter strains maintained high levels of CPD with no evidence of significant removal. These results were validated using Southwestern blot analysis of 2 HM strains, 1n (R160W/R160W) and 4n (R151C/ D294W) (data not shown).
We examined the effect of ␣-MSH on UV-induced apoptosis (Fig. 2C) . With the exception of HM strains expressing 2 RHC alleles (1n, 2n, 3a, 4n, 5n), 6n and 7a (V60L/R160W), 14n (V92M/ϩ) which was the most Strains: R, RHC alleles; r, V/60L; p, pseudoallele; ϩ, wild-type allele; a, adult; n, neonatal. Response to ␣-MSH in the various assays: ϩ, high response; Ϫ, lack of response; Ϯ, partial response; ND, not determined. ‫,ء‬ most resistant strain to UV-induced apoptosis even 48 h after UV exposure.
resistant to UV-induced apoptosis, and the 2 strains 9a (R151C/V92M), and 10n (R160W/ϩ), the remaining HM strains responded to 1 nM ␣-MSH with reduction of the apoptotic effect of 105 mJ/cm 2 UV. The latter 2 HM strains (9a and 10n) were responsive to the antiapoptotic effect of forskolin but not ␣-MSH, despite significant reduction in hydrogen peroxide generation and enhanced CPD repair in response to ␣-MSH treatment, suggesting inefficient activation of survival pathways by the dose of 1 nM ␣-MSH ( Fig. 2A, B) .
Transfection with wild-type MC1R restores MC1R function and normalizes the UV response of HMs naturally expressing 2 RHC alleles
To establish the causality between lack of response to ␣-MSH and the aberrant response to UV, we stably transfected the HM strain 2n (R160W/D294H) with wild-type MC1R. Electron microscopic examination of HMs transfected with the wild-type MC1R and incubated with L-DOPA, the substrate for tyrosinase, showed that unlike the parental strain, they responded to ␣-MSH with stimulation of melanogenesis (Fig. 3A) , evidenced by enhanced maturation of melanosomes (an increase in the number of mature stage III and IV melanosomes) in the perinuclear area and dendrites, due to increased deposition of melanin. In HMs transfected with the wild-type MC1R, ␣-MSH reduced UV (105 mJ/cm 2 )-induced hydrogen peroxide production, enhanced repair of CPD, and inhibited apoptosis (Fig.  3B-D) .
␣-MSH-and UV-altered gene expression
We compared global gene expression in 2 HM strains, 13n (V60L/ϩ), highly responsive to ␣-MSH (HM-F), and 2n (R160W/D294H) with loss-offunction MC1R (HM-LOF) (Fig. 4A) , as determined by cAMP and tyrosinase activity assays (Table 1 and Fig. 1 ). The groups that were directly compared against each other are shown in Fig. 4A . The changes in gene expression resulting from ␣-MSH-treatment were observed exclusively in 13n, HM-F (compare lanes 1 and 2 that were almost black, indicating no Figure 1 . Effects of ␣-MSH on cAMP generation (A) and tyrosinase activity (B) of HM strains with different MC1R genotypes. Data points represent the mean Ϯ se percentage of control of triplicate determinations. Data presented are representative of the results of one experiment that was repeated at least twice with similar findings. *P Յ 0.001 vs. control; ANOVA followed by Newman-Kuels multiple comparison test. R/R, homozygous or compound heterozygous for RHC alleles; R/r, compound heterozygous for RHC and V60L; R/ϩ, heterozygous for RHC allele; R/p, compound heterozygous for RHC allele and a pseudoallele (V92M or R163Q); r/ϩ, heterozygous for V60L; p/ϩ, heterozygous for a pseudoallele; ϩ/ϩ, wild type. alteration in gene expression, and lanes 3 and 4 of the ␣-MSH treated groups in the heat map; Fig. 4C ). In HM-F, we identified changes in expression of genes associated with functional categories such as cell adhesion, transcription factors, intracellular signaling, protein trafficking, and biosynthesis in response to ␣-MSH (Fig. 4B) . Global gene expression in HM-F (13n) showed that a total of 3458 genes were significantly altered in expression, with 668 genes affected only by ␣-MSH, 454 genes affected only by UV, and 2336 genes influenced by both ␣-MSH and UV.
Because our aim was to investigate the photoprotective mechanisms of ␣-MSH, we focused our analysis of the microarray data on gene categories that were melanocyte-specific or involved in control of melanogenesis, oxidative stress, DNA repair, cell cycle, and apoptosis. Data analysis of genes belonging to these functional categories revealed that ␣-MSH had the opposite effect of UV on the expression of 34.6% of all UV and ␣-MSH-responsive genes. Of those, 78% were up-regulated by ␣-MSH (Fig. 4D) . In contrast, in HM-LOF, comparison of the group treated with ␣-MSH and irradiated with UV to that only irradiated with UV revealed no differences in gene expression between the 2 groups, indicating lack of modulation of the UV response in HM-LOF by ␣-MSH. Similarly, comparison of HM-LOF treated with ␣-MSH and irradiated with UV to the same HMs treated with ␣-MSH showed that the genes that were altered were those only affected with UV, further confirming lack of response of these HMs to ␣-MSH. Important conclusions derived from the microarray data were that 1) ␣-MSH mostly induced, while UV mainly suppressed, gene expression; 2) ␣-MSH and UV had opposing effects on many of the analyzed genes, and ␣-MSH modulated the effects of UV on these genes (Supplemental Data); and 3) loss of function of MC1R compromised the UV response of HMs, due to absence of the effects of ␣-MSH on important genes that affect the DNA damage response.
Validation of microarray data
To validate the microarray data, we selected genes representative of the functional categories of interest. The microarray result showed that MC1R expression was suppressed 7-fold by UV, and induced 7-fold by ␣-MSH. We confirmed these results by demonstrating with immunostaining increased cell surface expression of MC1R in HMs following ␣-MSH treatment, and its reduction following exposure to UV (Fig. 5A) . By Western blotting, we verified that the transcription factor Mitf, the master regulator of melanogenesis and melanocyte survival (30) , was induced by ␣-MSH and repressed by UV (Fig. 5B) . Peroxiredoxin1 (Prx1), which reduces endogenous peroxides (31, 32), was one of the most ␣-MSH up-regulated oxidative stress regulatory genes that was suppressed by UV, according to the microarray data. Western blotting showed increased protein levels of Prx1 in response to ␣-MSH, and decreased levels following UV exposure (Fig. 5B ).
The 2 DNA repair genes, damaged DNA binding protein 1 (DDB1), which promotes global genomic repair in the nucleotide excision repair pathway and regulates DNA replication (33) , and proliferating cell nuclear antigen (PCNA), which plays important roles in DNA replication and repair as well as DNA methylation, chromatin assembly, and remodeling (34, 35) , were found to be increased by ␣-MSH, and the latter to be repressed by UV. Western blot analysis of DDB1 and PCNA revealed that their levels were increased by ␣-MSH and reduced by UV, and that ␣-MSH partially reversed the inhibitory effects of UV (Fig. 5B) . We validated by Western blotting the expression of cyclin-dependent kinase 2 (CDK2), which binds to cyclin E, to allow entry of cells into S phase, or to cyclin A, to enhance progression to G2 phase (36) and found CDK2 protein level to be increased by ␣-MSH and diminished by UV, in agreement with the microarray data (Fig. 5B) . The antiapoptotic Bcl2 is critical for melanocyte survival (37); it was reduced at the protein level by UV and increased by ␣-MSH, which confirmed the microarray results and our previous findings (21) .
DISCUSSION
In the present study, our goal was to elucidate the impact of RHC MC1R alleles expressed as heterozygous, homozygous, or compound heterozygous with other commonly expressed alleles, in comparison to pseudoalleles (V92M and R163Q) and wild-type allele, on MC1R function and the UV response of HMs. The MC1R is a melanoma susceptibility gene (7, 8, 10, (23) (24) (25) ; however, the molecular mechanisms by which MC1R protects HMs from malignant transformation to melanoma are not understood. By comparing a panel of HM strains that naturally express different MC1R genotypes (Table 1) , we found that those expressing 2 RHC alleles (1n-5n) or compound heterozygous for V60L and R160W (6n, 7a) were refractory to ␣-MSH (Table 1 and Fig. 1 ) (27) . Expression of these genotypes was associated with persistence of CPD and, with the exception of R160W/R160W (1n), sustained hydrogen peroxide generation in UV-irradiated HM, in the presence of ␣-MSH ( Fig. 2A, B) . These results are consistent with earlier genetic studies that RHC alleles reduce MC1R function by different extents (38) and suggest that MC1R is linked to signaling pathways other than cAMP, such as inositol phospholipids and protein kinase C (39, 40).
We have examined the possible dosage effect of various MC1R variants suggested by Palmer et al. (7) (Table 1 and Figs. 1 and 2 ). Melanocyte strain 10n (R160W/ϩ) and 11n (D294H/ϩ) had markedly reduced ability to respond to ␣-MSH with increased cAMP levels and tyrosinase activity (Fig. 1 ), yet were efficient in reducing UV-induced hydrogen peroxide production and apoptosis, and in repairing CPD when treated with ␣-MSH (Fig. 2) . In contrast, HMs heterozygous for the RHC allele, R151C (12a), or for V60L (13n), V92M (14n, 15a), or R163Q (16n), showed no evidence for reduced MC1R activity. We conclude that RHC alleles differ in their heterozygous effects, and that signaling pathways other than cAMP possibly mediate the effects of ␣-MSH and/or that mild activation of cAMP is sufficient to activate antioxidant and nucleotide excision repair pathways. Others have reported that expression of any MC1R variant allele with an RHC allele further increases the risk for melanoma (8) . In the HM strains 8n and 9a (R/p), we found no evidence for further disruption of MC1R by coexpression of a pseudoallele R163Q or V92M with RHC allele. These novel results define the interactions of these allelic variants based on multi- ple biochemical assays that determine MC1R function and its role in the UV response of HMs.
To confirm that lack of response of HMs expressing 2 RHC alleles to ␣-MSH and UV is due to their MC1R genotype, we stably transfected HM strain 2n (R160W/ D294H) with the wild-type MC1R and found that this restored the response to ␣-MSH and reduced the burden of UV-induced oxidative stress and DNA damage (Fig. 3) . Interestingly, in the absence of ␣-MSH, the extent of UV-induced apoptosis of HMs transfected with wild-type MC1R was markedly less than that of the LOF parental HMs, possibly due to increased constitutive activity of the receptor encoded for by the wild-type MC1R.
The results of the above biochemical assays were consistent with microarrray data, which showed that in HM-F, but not in HM-LOF, ␣-MSH altered gene expression (Fig. 4B) , and antagonized the effects of UV on many genes, such as those regulating melanogenesis, oxidative stress, DNA repair, cell cycle, and apoptosis (Fig. 4D) . Generally, ␣-MSH up-regulated, while UV down-regulated, global gene expression (Fig. 4C, D) . The suppressive effects of UV on gene expression was also observed by others (41) (42) (43) and is thought to be due to UV-induced DNA damage that inhibits transcription by stalling RNA polymerases (42) . Because of the stochastic nature of UV-induced DNA damage, the inhibition of a particular gene is proportional to its size (43) . We propose that by increasing CPD repair, ␣-MSH reduces the number of these offending lesions and alleviates the repressive effect of UV on gene transcription.
The effect of ␣-MSH on the induction and repair of UV-induced DNA damage was independent of increased eumelanin synthesis, because eumelanin content was not changed by any of our experimental protocols (data not shown). In addition to pigmentation, inefficient DNA repair is a risk factor for melanoma (44, 45) . Our results underscore the significance of functional MC1R in reducing the genotoxic effects of UV by enhancing the repair of DNA photoproducts and reducing the extent of oxidative damage, in addition to its classic role as regulator of melanogenesis. Reduced DNA photoproducts and increased expression of DNA repair genes by melanocortins were reported by others (46) ; our recent findings revealed reduction of UV-induced oxidative DNA damage by ␣-MSH (22) . Elucidating the impact of different MC1R genotypes on the responses of HMs to ␣-MSH and UV sheds light on the molecular mechanisms by which MC1R functions as a melanoma susceptibility gene, and explains the differential susceptibility to melanoma.
